The effect of ion current density of argon plasma on target sputtering in magnetron sputtering process was investigated. Using home-made ion probe with computer-based data acquisition system, the ion current density as functions of discharge power, gas pressure and positions was measured. A double-hump shape was found in ion current density curve after the analysis of the effects of power and pressure. The data demonstrate that ion current density increases with the increase in gas pressure in spite of slightly at the double-hump site, sharply at wave-trough and side positions. Simultaneously, the ion current density increases upon increase in power. Especially, the ion current density steeply increases at the double-hump site. The highest energy of the secondary electrons arising from Larmor precession was found at the double-hump position, which results in high ion density. The target was etched seriously at the double-hump position due to the high ion density there. The data indicates that the increase in power can lead to a high sputtering speed rate.
Introduction
Magnetron sputtering technique is widely employed to deposit various industrial films owing to its high quality control and relatively low deposition temperature. But a serious problem in this process is waste of target materials and low sputtering rate [1, 2] because of badly target etching. Despite extensive study [1∼11] , a detailed understanding of interaction of plasma and sputtering process is only beginning to appear.
Previous studies [1∼5] indicate that in the magnetron sputtering process, the sputtering rate is related to ion energy and ion current density as well as target materials, ion species and incident angle. The high ion current density results in strong etching of the target material. However, the ion current density as function of power, gas pressures and target positions is not constant. So it is vital to further investigate the variation of ion current density near the target surface in order to understand the magnetron sputtering process.
Actually, some techniques including optical emission spectroscopy [5∼8] , Langmuir probe [9∼12] and ion probe [13] were used to measure the ions in magnetron sputtering process, among which ion probe with simple structure is a powerful tool to detect current density and energy [14∼19] . In this work, the effect of the ion current density near the target surface on sputtering or etching was investigated in the presence of purity argon plasma driven by RF power supply. A home-made disc ion probe mounted over the target surface was employed to measure the ion current density of argon plasma near the target. The change of ion current density with different discharge power, pressure and positions was observed. The data indicate that the change of ion current density is related to target etching.
Experimental arrangements 2.1 Position of ion probe
The ion collection probe, as shown in Fig. 1 and Fig. 2(a) , was mounted over the target surface inside the vacuum chamber. The cylindrical vacuum chamber (600 mm in outer diameter and 450 mm in height), which is made of stainless steel, was pumped by a turbo molecular pump and mechanical pump up to 6.7×10 −4 Pa. The magnetron sputtering target (60 mm × 4 mm) was placed at the bottom of the chamber. The distance between ion probe and target is 25 mm, as shown in Fig. 2(a) . The probe driven by a transfer arm can move radially along the target (from 0 mm to 60 mm) as shown in Fig. 2(b) . Working gas (argon, purity 99.999 %) was regulated and introduced into the vacuum chamber by a mass flow controller. Argon plasma was generated by a radio-frequency power supply of 13.56 MHz in frequency, 150 W in power and L-type impedance matching network. So part of ions flowing to the target were collected by the ion probe near the target surface, the sputtered particles left the target and went onto a substrate where a film is growing. 
Measurement of the ion current density
The disc ion probe (8 mm in outer diameter, 8 mm in height) is made up of ion collector (6 mm in diameter), guard ring (8 mm in outer diameter), ceramic insulator and holder, as shown in Fig. 3 . One end of the ion collector was connected to the negative end of bias voltage supply through a sampling resistor R while the positive end of bias voltage supply is grounded. So the potential of the ion collector is negative relative to the ground. In plasma, only positive ions can be collected by the ion collector and electrons are repulsed due to its negative potential relative to the ground. The collected ion current I is proportional to the voltage V , namely, V = I · R. The ion current density is J = I/S, where S the effective collection area of the ion collector.
A tungsten film with high sputtering threshold energy (33 eV) was coated on surface of the ion collector in order to avoid being etched by high energy ions. The voltage V was measured through commercial data collector (PCL818, 16 bits A/D, input range of 0 V to 10 V). Signals were transmitted to computer via industry standard architecture bus (ISA Bus) and then the ion current density was calculated by data processing software automatically. The bias voltage value of the power supply should be determined reasonably. If the voltage is too high, not only ions but also high energy electrons will be gathered by the ion probe, which would lead to a lower ion current density than the normal value. On the contrary, if the voltage is too low, the ion collector may be bombarded and even damaged by high energy ions. In the paper, a value of −18 V was set after a series of experiments and analyses. At 1.0∼2.0 Pa pressure and 30∼90 W power, the ion current density as a function of the bias voltage of power supply is shown in Fig. 4 . At low bias voltage (−35 V to −18 V), the ion current density is constant for given pressure and power. Moreover the ion current density increases with the increase in both pressure and power. This is in part due to that more gas atoms are ionized by the increased power. In the region of high bias voltage (−18 V to 0 V), the ion current density decreases as the bias voltage increases. This should be avoided because high energy electrons will be collected in this region. The ion current density increases with the decrease in bias voltage (0 V to −35 V). Especially, when less than −18 V, the ion current density gets saturated. 2 ) at 90 W and 2.0 Pa, which shows that not only the discharge power but also pressure can affect the ion current density.
Theoretically, effective collection area of the ion collector should be kept at constant as shown in Fig. 5(a) . Actually, it often changes, as shown in Fig. 5(b) , because excessive ions are attracted around the ion collector as higher power is applied into plasma. So a guard ring [18] with the same potential as the ion collector, shown in Fig. 3 and Fig. 5(c) , is adopted to wrap the ion collector so as to keep the effective collecting area constant. The 0.35 mm gap between the guard ring and the ion collector was set according to the Debye length [19, 20] . 2 at 0 mm, 60 mm. Similar phenomenon can also be seen at P = 1.5 Pa and 2.0 Pa. In addition, the double-hump can also be observed similarly in Fig. 6(b), Fig. 6(c) and Fig. 6(d) . In Fig. 6(a) , at given position L = L 0 , the ion current density increases with increase of pressure due to the increased molecule and the increased ionization degree at the same RF power. In addition, in Fig. 6(a) , at different position L, the increment of ion current density ∆J changes obviously with increase of pressure. At L=0 mm, the ∆J is 0.1 A/m 2 and at L=60 mm, a high increment ∆J reaches to 0.1 A/m 2 as well as at wave trough L = 30 mm, high increment ∆J is 0.08 A/m 2 . However, relatively low increment ∆J of 0.02 A/m 2 and 0.03 A/m 2 can be observed at 15 mm and 45 mm, respectively. So the data reported here indicate that pressure strongly affect ion current density, especially, at the wave trough. Similar result can be observed in Fig. 6(b), Fig. 6(c) and Fig. 6(d) .
The effect of power on ion current density
The effect of RF power on ion current density is shown in Fig. 7 , where the same double-hump structure can also be found at L = 15 mm and L = 45 mm as well as at the wave trough L = 30 mm.
At given position L = L 0 , the ion current density increases with increase of power. At L=0 mm and L = 60 mm, the increment ∆J decreases to 0.001 A/m 2 . However, at peaks (15 mm, 45 mm), very high increment ∆J of 0.05 A/m 2 and 0.07 A/m 2 can be observed. The similar result can also be seen in Fig. 7(b) and (c) . So the data in Fig. 7 show that the RF power also considerably affects the ion current density. Unlike pressure, the effect of power is evident at the double-hump position.
Discussion
The data reported here indicate that RF power and pressure can considerably impact on the ion current density, especially, at 15 mm and 45 mm. There is a ring in the etched region of the target surface shown in Fig. 8(a) , indicating that ion current density close to the target and the etching of target are related as reported previously [1∼9] . The strongest etching region is located at 15 mm and 45 mm respectively corresponding to two peaks of the ion current density shown in Figs. 6 and 7. On the contrary, at the wave trough and two edges of the ion current density curve shown in Figs. 6 and 7 (at L = 0∼5 mm, 25∼35 mm and 55∼60 mm), the target is hardly etched. The data shown in Figs. 6 and 7 indicate that the RF power can affect peak value of the ion current density. So it can be concluded that high RF power with moderate pressure, would lead to high etching rate.
Secondary electrons are generated during the ions bombarding the target surface and are limited quickly in some regions of the target surface to perform Larmor precession due to magnetic and electric field
[15∼20] as shown in Fig. 8(b) . Let E stand for electric field in-tensity and B magnetic field intensity and secondary electrons move from d (h2 in distance) to b (h1 in distance) with speed V d at d. The speed V d consists of speed V d//B (parallel to the line of magnetic force) and speed V d⊥B (perpendicular to the line of magnetic force). V d//B will drive electrons to run along the magnetic force line while V d⊥B can drive electrons to run around the magnetic force line (Larmor precession). Larmor frequency is f = qB/m, where q electron charge, B magnetic field intensity and m electron mass. So Larmor radius is r = mV d⊥B /qB. So r b > r d due to V b⊥B > V d⊥B , which leads to E b > E d , then high electron energy results in high ionization rate [21] . The ion current density at position b is greater than that at position d due to higher electron energy at position b, position b (L = 15 mm) just corresponds to the peak of the ion current density (shown in Figs. 6 and 7) , as shown in Fig. 8(b) . At the same time, the high ion current density accelerates the target etching rate. 
Conclusions
The ion current density close to the target surface was measured by ion probe in order to study effect of the ion current on etching of target. The ion current density can be affected by pressure, especially, at wave trough position. At the same time, the ion current density increases with the increase of power. Unlike pressure, the sharp change happens at peak position. The energy of secondary electrons increases with the increase of RF power. At peaks (double-hump) position, the energy of secondary electrons performing Larmor precession is the highest and it leads directly to the highest etching rate. Thus the etching of target can be accelerated by increasing RF power.
